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Abstract
The plus-strand RNA genome of tomato bushy stunt virus (TBSV) contains a 351-nucleotide (nt)-long 3-untranslated region. We
investigated the role of the 3-proximal 130 nt of this sequence in viral RNA accumulation within the context of a TBSV defective
interfering (DI) RNA. Sequence comparisons between different tombusviruses revealed that the 3 portion of the 130-nt sequence is highly
conserved and deletion analysis confirmed that this segment is required for accumulation of DI RNAs in protoplasts. Computer-aided
sequence analysis and in vitro solution structure probing indicated that the conserved sequence consists of three stem-loop (SL) structures
(5-SL3-SL2-SL1-3). The existence of SLs 1 and 3 was also supported by comparative secondary structure analysis of sequenced
tombusvirus genomes. Formation of the stem regions in all three SLs was found to be very important, and modification of the terminal loop
sequences of SL1 and SL2, but not SL3, decreased DI RNA accumulation in vivo. For SL3, alterations to an internal loop resulted in
significantly reduced DI RNA levels. Collectively, these data indicate that all three SLs are functionally relevant and contribute substantially
to DI RNA accumulation. In addition, secondary structure analysis of other tombusvirus replicons and related virus genera revealed that a
TBSV satellite RNA and members of the closely related genus Aureusvirus (family Tombusviridae) share fundamental elements of this
general structural arrangement. Thus, this secondary structure model appears to extend beyond tombusvirus genomes. These conserved
3-terminal RNA elements likely function in vivo by promoting and/or regulating minus-strand synthesis.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The first stage of genome replication for plus-strand
RNA viruses is the synthesis of a complementary minus-
strand RNA that is then used as a template for production of
progeny genomes (Buck, 1996). The generation of the mi-
nus-strand intermediate involves recognition of RNA ele-
ments within the genome that recruit and guide the virally
encoded RNA-dependent RNA polymerase (RdRp) to the
site of initiation at the 3 terminus. Accordingly, RNA
sequences and structures that act as minus-strand promoters
are often located at the extreme 3 end of genomes (Dreher,
1999); however, RNA elements contributing to RdRp re-
cruitment can also be located distally (Klovins et al., 1998;
Khromykh et al., 2001; You et al., 2001; Herold and An-
dino, 2001; Barton et al., 2001).
The family Tombusviridae includes an assortment of
small plus-strand RNA viruses (Russo et al., 1994). Studies
on 3-proximal RNA replication elements have been carried
out on some species of the eight genera, including the
carmovirus turnip crinkle virus (TCV; Song and Simon,
1995; Stupina and Simon, 1997), the dianthovirus red clover
necrotic mosaic virus (RCNMV; Turner and Buck, 1999),
the necrovirus subviral replicon satellite (sat) tobacco ne-
crosis virus (STNV; Bringloe et al., 1999), and the tombus-
virus Cymbidium ringspot virus (CymRSV; Havelda and
Burgyan, 1995). All of these viruses terminate with a
CCCOH and contain a stem-loop (SL) structure positioned
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just upstream. Though the CCCOH is essential for initiation
of tombusvirus minus-strand synthesis in vitro (Nagy and
Pogany, 2000), a CymRSV genome with this sequence
deleted is viable in vivo due to a 3-end repair mechanism
(Dalmay et al., 1993). Similarly, 3-end repair mechanisms
also exist for TCV (Carpenter and Simon, 1996; Nagy et al.,
1997; Guan and Simon, 2000).
A terminal SL structure is required for TCV sat-RNA C
minus-strand synthesis in vitro (Song and Simon, 1995) and
replication in vivo (Stupina and Simon, 1997), and the
importance of maintaining this structure was confirmed by
in vivo selection (Carpenter and Simon, 1998). This latter
study also established that a significant degree of variability
in SL size and composition is tolerated. For RCNMV
RNA2, formation of the stem portion of the 3-terminal SL
was found to be essential for in vivo replication of this
genome segment (Turner and Buck, 1999). However, unlike
for TCV (Song and Simon, 1995; Stupina and Simon,
1997), the identity of the loop sequence in this structure also
contributes significantly to its activity (Turner and Buck,
1999). In STNV, both the formation and sequence compo-
sition of the terminal SL influence accumulation of this
replicon (Bringloe et al., 1999).
Terminal RNA structures in the genome of the tombus-
virus CymRSV have been studied in the context of a defec-
tive interfering (DI) RNA (Havelda and Burgyan, 1995). It
was found that 77 nucleotides (nt) of the 3 terminus are
required for detectable DI RNA accumulation in vivo
(Havelda et al., 1995). Within this region, three SL struc-
tures were predicted by MFOLD analysis (Havelda and
Burgyan, 1995). Maintenance of the stems of the two 3-
proximal SLs was shown to be important for DI RNA
accumulation in plants and deletion of sequences corre-
sponding to portions in the third predicted SL were lethal.
However, the formation of, or requirement for, this latter SL
was not demonstrated (Havelda and Burgyan, 1995).
Tomato bushy stunt virus (TBSV) is the prototype mem-
ber of the genus Tombusvirus and the family Tombusviridae
(Hearne et al., 1990) (Fig. 1A). As for CymRSV, TBSV DI
RNAs have been very useful for studying cis-acting RNA
elements involved in viral RNA replication both in vivo
(Chang et al., 1995; Ray and White, 1999, 2003; White and
Fig. 1. (A) Schematic representation of the TBSV genome and a prototypical DI RNA. The wild-type genome is shown as a thick black line with coding
regions depicted as white boxes with approximate molecular masses (in thousands) of the encoded proteins. The regions corresponding to the two subgenomic
mRNAs are shown as arrows above the genome. A prototypical DI RNA, DI-72SXPN, is shown below the genome. Shaded boxes represent genomic
segments maintained in the DI RNAs, whereas lines represent genomic segments that are absent. (B) ClustalW analysis of corresponding region IVs from
different tombusvirus genomes: tomato bushy stunt virus-statice isolate (TBSVs), tomato bushy stunt virus-pepper isolate (TBSVp), artichoke mottled crinkle
virus (AMCV), cucumber Bulgarian latent virus (CBLV), carnation Italian ringspot virus (CIRV), Cymbidium ringspot virus (CymRSV), cucumber necrosis
virus (CNV), and pear latent virus (PeLV). Gaps (dashes) were introduced to maximize alignment. Asterisks indicate identical residues in all sequences
compared. The bold sequence corresponds to the minimal segment required for CymRSV DI RNA accumulation. Corresponding stem-loop structures
predicted by MFOLD are indicated above the sequences, with stem regions depicted as lines, terminal loops as rectangles, an internal loop as an oval/circle
pair, and a bulge as a triangle. (C) Deletion analysis of region IV in DI-72SXPN. The dashes indicate the sequence deleted and relative DI RNA accumulation
levels (Rel. Accum.) are provided on the right.
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Morris, 1994a; Wu and White, 1998; Wu et al., 2001) and
in vitro (Nagy and Pogany, 2000; Panavas et al., 2002a,
2002b; Panavas and Nagy, 2003). A typical TBSV DI RNA
is composed of four noncontiguous regions (RI through
RIV) derived from terminal and internal portions of the viral
genome (White, 1996) (Fig. 1A). The RNA elements nec-
essary for replication of the DI RNA are present within
these four regions; thus, in the presence of the parental
virus, this replicon is amplified efficiently by viral RdRp
supplied in trans (Oster et al., 1998). RIV corresponds to the
3-terminal 130 nt of the 351-nt-long 3-untranslated region
(UTR) of the TBSV genome. In vitro, the 3-terminal 47 nt
of this region are able to direct efficient minus-strand syn-
thesis (Nagy and Pogany, 2000) and the core minus-strand
promoter corresponds to the 3-terminal 19 nt (Panavas et
al., 2002a). However, as observed for other viruses, addi-
tional RNA elements within RIV are likely required for
efficient minus-strand synthesis in vivo.
Currently, very little is known about the RNA structures
or the in vivo functions of the TBSV RIV sequence. Re-
cently, a functional midrange base-pairing interaction in-
volving the 3-terminal 5 nt and an internal sequence within
RIV (termed the silencer) was described (Pogany et al.,
submitted for publication). Similar pairing of 3-terminal
residues with internal segments has also been proposed for
barley yellow dwarf virus and several RNA phages (Koev et
al., 2002; Beekwilder et al., 1995). In the case of TBSV,
formation of this base-pairing interaction inhibited minus-
strand synthesis in vitro and was essential for DI RNA
accumulation in vivo (Pogany et al., submitted for publica-
tion). Multiple functions for the silencer interaction were
proposed, including down-regulating minus-strand synthe-
sis, protecting the 3 terminus from exoribonuclease attack,
and providing a template for 3-end repair. As these two
sequences comprise only a small portion of RIV, additional
important RNA elements must also reside within this re-
gion.
In the current study we have assessed the importance of
RIV for TBSV DI RNA accumulation. A DI RNA, rather
than the genome, was used in this investigation as RIV has
been shown previously to be important for efficient trans-
lation of viral proteins in vivo (Wu and White, 1999). The
noncoding DI-72SXPN used in this work (Fig. 1A) uncou-
ples replication from translation-related functions. The re-
sults of this study show that the 3-proximal portion of RIV
is essential for DI RNA accumulation in vivo. Solution
structure mapping of this sequence in vitro combined with
comparative and MFOLD secondary structure analyses re-
vealed the presence of three SL structures in the essential
segment. Both the formation of the stems and the identity of
nucleotides in the loops of the two 3-proximal SLs, SL1
and SL2, were found to contribute to DI RNA accumulation
in protoplasts—with the stem structures being more impor-
tant. The third 5-proximal SL, SL3, is also functionally
relevant and forms a more complex structure in which the
silencer sequence is positioned within an asymmetrical in-
ternal loop. Analysis of other related genera and subviral
RNAs revealed that the general structural arrangement de-
duced for this region likely extends to a TBSV sat-RNA and
members of the genus Aureusvirus (family Tombusviridae).
Results and discussion
The 5 and 3 deletions in RIV
A comparison of TBSV RIV and the corresponding seg-
ments from other sequenced tombusviruses revealed that the
5 portion of this region is variable, whereas the 3 segment
is highly conserved (Fig. 1B). As a first step in defining the
minimal functional sequence of RIV, terminal deletion anal-
ysis was carried out. DI RNAs containing specified dele-
tions were coinoculated with TBSV helper genome (T100)
into protoplasts, and progeny DI RNA accumulation was
monitored by Northern blotting. Deletion of the 3-terminal
CCCOH reduced (by 70%), but did not prevent, DI RNA
accumulation—a likely consequence of in vivo repair, as
observed previously for CymRSV (Dalmay et al., 1993)
(Fig. 1C). In contrast, deletion of the 3-terminal 18 nt—
corresponding to the in vitro-defined core minus-strand pro-
moter (Panavas et al., 2002a)—completely abolished accu-
mulation. When various 5 deletion mutants were tested,
those with 47 nt or more removed were nonviable, whereas
smaller 5 deletions of 34 or 16 nt either impeded or did not
appreciably affect accumulation, respectively (Fig. 1C).
These data suggest that the conserved 3 portion of RIV is
more functionally relevant than the variable 5 segment.
This conclusion is in general agreement with results
reported for a CymRSV DI RNA, where only the 3-termi-
nal 77 nt of its corresponding RIV were required (Havelda
et al., 1995) (Fig. 1B, bold). The slightly longer sequence
required in our TBSV DI RNA (Fig. 1C) could be due to
contextual differences between it and that of CymRSV. For
instance, TBSV DI-72SXPN is 624 nt long, whereas the
CymRSV DI RNA used in the previous study was 404 nt
long. Other differences (e.g., the hosts used in the analyses,
plant vs protoplast assays) could also account for the dis-
crepancy in results. Regardless, both studies are consistent
in that they identify the 3 portion of RIV as an essential
core sequence for DI RNA accumulation in vivo. Based on
this information, more detailed analyses of the 3 portion of
RIV were carried out.
Analysis of RNA secondary structure of the conserved
RIV core sequence
As no physical data exist on the structure of the 3
portion of RIV, solution structure mapping of this sequence
was performed. This was accomplished by reacting in vitro-
generated full-length DI RNA transcripts with single-strand
(ss)- or double-strand (ds)-specific chemicals and enzymes
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and analyzing the products by primer extension (Fig. 2A).
To facilitate the analysis of the extreme 3-terminal portion,
a 71-nt nonviral extension was added to the 3 end of the DI
RNA to provide a downstream priming site. A similar strat-
egy was used successfully in previous studies to gather
structural information on the 3 terminus of TCV sat-RNA
C (Song and Simon, 1995). The TBSV DI RNA containing
this extension accumulated efficiently in protoplast infec-
tions, indicating that the modified transcript remains viable
(data not shown). The results of the structural probing were
mapped onto the most stable secondary structure predicted
by the computer program MFOLD (Zuker et al., 1999;
Mathews et al., 1999) (Fig. 2B). The 3-proximal portion of
RIV is predicted to fold into a structure that includes three
SLs (termed 1, 2, and 3). The two 3-proximal SLs are
simple hairpins, while the third SL is more complex and
includes a U bulge and an asymmetrical internal loop. The
terminal loops in SL1 and SL3 are superstable tetra-loops,
GNRA and UNCG (N is any nucleotide and R is a purine),
respectively (Moore, 1999).
A strong correlation was observed between the reac-
tivity of the ss probes [RNase T1, diethyl pyrocarbonate
(DEPC), and 1-cyclohexyl, 3-(2morpholinoethyl)carbo-
diimide (CMCT)] and predicted unpaired segments and
also between ds-specific RNase V1 cleavage and pre-
dicted base-paired regions (Fig. 2B). In particular, both
SL1 and SL2 are well supported by reactivity of DEPC
with residues in their loops and, for SL2, RNase V1
cleavage within its stem. Additionally, the two interven-
ing sequences between the three SLs were accessible to
ss-modifying agents, supporting their primarily single-
stranded nature. For SL3, three helical regions were pre-
dicted—punctuated by a U78 bulge and an asymmetrical
internal loop (positions 71 and 60 –53)—and the presence
Fig. 2. Chemical and enzymatic probing of the 3 portion of region IV. (A) Full-length DI RNA transcripts were treated with RNase T1 (T1), RNase V1 (V1),
diethyl pyrocarbonate (DEPC), or CMCT [1-cyclohexyl, 3-(2morpholinoethyl)carbodiimide] and the cleaved or modified RNAs were analyzed by primer
extension (PE). The PE products generated were separated in an 8% acrylamide–urea gel along with a control (H2O-treated) sample and a sequencing ladder.
(B) Optimal MFOLD-predicted RNA secondary structure model of region IV that includes a summary of detected enzymatic and chemical modifications.
The nucleotides that participate in the silencer–3-terminus interaction are white in black circles. (C) Secondary structure proposed previously for SL3 of a
CymRSV DI RNA (Havelda and Burgyan, 1995). For comparison, the modifications detected for the TBSV DI RNA in (B) have been mapped onto this
structure.
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of these structural elements was consistent with the prob-
ing results (Fig. 2B).
When the corresponding sequences of different tombus-
viruses were compared with this structure, the variations
observed were not predicted to significantly modify the
proposed structure (Fig. 3). For instance, the A11 3 C and
U663 C substitutions in the terminal loops of SLs 1 and 3,
respectively, are both in degenerate positions of the super-
stable tetra-loops (Fig. 3). The deletion of G64 or C68 would
reduce the terminal tetra-loop to a tri-loop, while the dele-
tion of G39 or substitution of A27, U35, G39, and A55 map to
ss segments. Other modifications corresponded to helical
regions within SL1 or SL3 (Fig. 3). The G46 3 A substi-
tution in the lower stem in SL3 would convert a UG to a UA
base pair, thereby maintaining the short helix, whereas the
G80 deletion would disrupt this helix (Fig. 3). Compelling
evidence for the existence and importance of SLs 1 and 3
comes from covarying base pairs A13U8 (in S1) and C70G61
(upper S3), U73A51, U75A49 and G77C47 (middle S3). Ad-
ditionally, insertion of adenylate between positions 78 and
77 in SL3 was complemented by a corresponding urydilate
insertion between positions 47 and 46, thereby maintaining
and extending the helix (Fig. 3).
The proposed secondary structure of SL3 is also consis-
tent with the midrange intra-RIV interaction described pre-
viously that involves the 3-terminal 5 nt and the comple-
mentary internal silencer sequence (Pogany et al., submitted
for publication) (Fig. 3, black circles). Formation of this
interaction would require the GGGCU56 silencer sequence
be ss and available to base pair with the 3-terminal
AGCCC1 sequence (note that sequences are presented in
5–3 orientation; therefore nucleotide numbering descends
from left to right). In agreement with this, our structural
model predicts the silencer sequence to be part of an internal
loop (Fig. 3). Other structural probing analyses of a TBSV
DI RNA containing authentic and truncated 3 termini sug-
gest that these two sequences do interact in solution
(Pogany et al., submitted for publication). In the present
study, the G58 and U56 within the GGGCU56 silencer se-
quence were found to be accessible to ss-specific RNase T1
and CMCT, respectively (Fig. 2B). This is likely a conse-
quence of the presence of the 3-terminal nonviral extension
in the transcript analyzed; however, this extension does not
impede the formation of other functionally relevant RNA
secondary structures in this segment (i.e., SLs 1, 2, and 3,
see sections below).
Although some sequence 5 to the structures shown in
Fig. 3 was found to be important for TBSV DI RNA accu-
mulation (Fig. 1C), we have not attempted to model the
secondary structure of this segment as (1) this sequence is
variable in different tombusviruses and (2) it is not pre-
dicted to adopt a consistent secondary structure. Additional
studies will be required to determine the precise role of the
upstream sequence in facilitating TBSV DI RNA viability.
Our RNA secondary structure model for the 3 portion of
RIV is in general agreement with that proposed for
CymRSV (Havelda and Burgyan, 1995). In particular, both
models predict SLs 1 and 2 and corresponding intervening
segments (Fig. 2B). However, one notable difference is in
the arrangement of the upper portion of SL3. In the
CymRSV model, there is a shift in the pairing partners for
the upper helix that leads to an increase in its length and a
corresponding decrease in the size of both the terminal loop
and the 3 segment of the adjacent internal loop (Fig. 2C).
This alternative structure for SL3 was predicted by com-
puter analysis using an older version of MFOLD and was
not validated by either solution structure mapping or com-
pensatory mutational analysis (Havelda and Burgyan,
Fig. 3. Comparative RNA secondary structure analysis of the 3 portion of region IV. The TBSV sequence is shown along with sequence variations found
in other tombusvirus. Gray shading indicates TBSV nucleotides that are substituted by other nucleotides (A, U, C, or G in a white box) or that are deleted
(D in a white box). The position of a base pair insertion in SL3 is indicated by an arrow. For all modifications, the corresponding identity of the virus is given
in parentheses. The nucleotides that participate in the silencer–3-terminus interaction are white in black circles.
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1995). Our solution structure probing results (Fig. 2B) could
not rule out this alternative arrangement as its structural
features were also consistent with the modification patterns
observed (Fig. 2C). However, the base pair covariations
observed in the upper and middle helices in SL3 do support
our model (Fig. 3).
Another difference in the proposed models relates to the
fact that in CymRSV the CGGU79 sequence (which corre-
sponds to the 5 half of the helix at the base of SL3 in
TBSV) is dispensable; thus, no attempt was made previ-
ously to model the structure of this sequence (Havelda and
Burgyan, 1995) (compare Figs. 2B and C). In this study, the
existence of this helical extension is supported by its lack of
sensitivity to ss probes and cleavage by RNase V1 (Fig. 2B).
However, the deletion of G80 in one tombusvirus (which
would disrupt this helix) (Fig. 2B) and the dispensability of
sequence corresponding to the 5 half of this helix for
CymRSV DI RNA accumulation (Havelda and Burgyan,
1995) bring into question its functional relevance.
Structure–function properties of SL1
Various 3-terminal SL structures have been found to be
important for many members of Tombusviridae (Song and
Simon, 1995; Stupina and Simon, 1997; Turner and Buck,
1999; Bringloe et al., 1999; Havelda and Burgyan, 1995).
To test whether formation of SL1 was functionally impor-
tant for TBSV DI RNA accumulation, compensatory muta-
tional analysis was carried out within the context of DI-
72SXPN (Fig. 1A). In coinoculations of protoplasts,
disruptive substitutions in either the 5 or 3 half of S1
(mutants 1A and 1B) abolished DI RNA accumulation,
while combining the mutated halves in 1C, so as to restore
base pairing, led to 55% recovery (Figs. 4A and B). This
result confirms that S1 formation is essential; however, it
also implicates sequence identity within the stem as a pos-
sible contributing factor. Similar results have also been
observed for S1 compensatory mutants of CymRSV DI
RNAs in planta (Havelda and Burgyan, 1995). The pre-
dicted stability of SL1 in TBSV DI RNA mutant 1C (G 
5.2) is comparable to that of the wild-type (wt) SL1 (G
 5.6); thus the reduced level of accumulation observed
in the former is likely not related to stability. However,
stability of SL1 does appear to be important as mutant 3A,
with a significantly less stable SL1 (G  1.7), was
nonviable, whereas mutant 3B, with a more stable SL1 (G
 11.3), accumulated efficiently (120%; Figs. 4A and
B). It is interesting to note that this latter mutant contained
an A5 to G substitution that would cause a mismatch in the
silencer/3-terminus interaction. This suggests that a 4-bp
interaction may be sufficient to allow for productive DI
RNA accumulation. However, it is also possible that a
defect related to the weakening of the silencer/3-terminus
interaction was compensated for by the strengthening of
stem 1.
Within Tombusviridae, the stem size of the terminal SL
varies substantially (e.g., 5–11 bp). To assess this feature, a
longer S1 (8 bp) was introduced into mutant 4. This mutant
accumulated to 75% of that of the wt, indicating a degree
of flexibility with respect to stem extension (Figs. 4A and
B). Similarly, mutants of TCV sat-RNA C with 3-terminal
SLs containing stems of varying lengths were shown to be
functional in vivo (Stupina and Simon, 1997).
Next, we examined whether the GAAA9 tetra-loop of
SL1 was important for DI RNA accumulation. GNRA tetra-
loops act to stabilize hairpins and can participate in tertiary
interactions (Jucker et al., 1996). Changing this terminal
loop from GAAA9 to ACAA in mutant 8A reduced DI RNA
accumulation dramatically to15% of wt (Figs. 4A and C).
However, this alteration also drastically reduced the pre-
dicted stability of SL1 (G  2.8); thus, the effect could
be related to a general destabilization of the entire hairpin.
To distinguish between general destabilization and loop
composition effects, an additional loop mutant, 8E, was
constructed. In this mutant, the tetra-loop was converted to
CUCG9, another superstable tetra-loop, and the closing base
pair A13U9 was converted to C13G9 to adjust the modified
SL1 stability to G  6.6 (which is similar to the G 
5.6 for wt SL1). When 8E was tested, it accumulated to
20% of wt, suggesting an important role for the loop
sequence (Figs. 4A and C). As a control for the effect of
closing base pair substitution in 8E, an additional mutant,
8D, was constructed in which only an A13U9 to C13G9
closing base pair substitution was introduced. Though SL1
stability was increased in 8D (G  8.9) compared to wt
SL1, the modification caused reduced accumulation levels
to60% of wt, indicating that the closing base pair can also
influence SL1 function (Figs. 4A and C). Taken together,
the data on SL1 indicate that it is an essential structure that
is sensitive to both sequence identity and overall stability,
yet functionally, it displays a significant degree of confor-
mational flexibility.
Structure–function properties of SL2
The importance of the structure and formation of SL2 for
DI RNA accumulation was also assessed. Disruption of SL2
(mutants 5A and 5B) greatly reduced DI RNA accumulation
(both to 8%), whereas restoration of the stem structure in
5C led to partial, but significant (45%), recovery (Figs. 5A
and B). Interestingly, unlike for SL1, the disruption of S2
still allowed for low but detectable accumulation. Thus,
although SL2 formation is clearly important for efficient
accumulation in protoplasts, it does not appear to be essen-
tial. The 45% level of recovery observed contrasts some-
what the results from in planta studies with CymRSV DI
RNAs, where stem S2 restoration mediated only barely
detectable levels of accumulation (Havelda and Burgyan,
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1995). This difference is likely a consequence of the more
stringent nature of tissue infections, where selection against
suboptimal molecules is expected to be substantially more
intense. It is also interesting to note that the predicted
stability of the restored SL2 in 5C (G  5.9) is greater
than that of the original (G  4.5), so, as for the stem of
SL1, sequence identity may also be important. Conversely, the
increased stability of the SL2 in 5C could be inhibitory to
accumulation, but this alternative seems less likely (see below).
The role of the tetra-loop of SL2 was also examined.
Changing this loop from ACAA26 to GAAA in mutant 9A
resulted in new identities for the two 5-most residues and its
conversion to a GNRA-type superstable tetra-loop. Mutant 9A,
with its significantly more stable SL2 (predicted G8.8),
accumulated relatively well (75% of wt) (Figs. 5A and C).
This finding indicates that some change in loop identity is
readily tolerated and argues against the defect observed for
S2 mutant 5C being related to increased stability. Altering
the identity of all 4 nt in the loop by substitution with either
GAGC26 (mutant 9B) or UAGC26 (mutant 9C) reduced accu-
mulation levels to 80 and 60% of wt, respectively (Figs.
5A and C). The predicted stability of SL2 in 9B (G6.3)
is intermediate of those for the wt and 9A, whereas that for
9C (G  4.4) is similar to that of the wt. As increasing
stability of SL2 does not seem to be particularly debilitat-
ing; the relatively small decrease observed for 9B is more
apt to be related to changes in loop sequence identity.
Similarly, the comparable stabilities of the SL2s in 9C and
the wt also suggest a role for the loop sequence in SL2
activity. Therefore, as for SL1, SL2 function appears to
depend on both stem formation and composition, as well as
on the identity of the nucleotides in its loop. However,
unlike for SL1, formation of the stem of SL2 is not essential
for readily detectable levels of DI RNA accumulation.
Fig. 4. Analysis of DI RNA mutants with modifications in SL1. (A) Depiction of SL1 mutants tested. (B and C) Northern blot analysis and quantification
of DI RNA accumulation levels. Cucumber protoplasts were inoculated with H2O (mock) or 2 g of T100 transcript only (T100) or coinfected with 2 g
T100 and 1 g of wt DI-72SXPN (72) or mutant DI RNA. Total nucleic acids were isolated 24 h postinoculation, separated in 8 M urea–4.5 %
polyacrylamide gels, transferred to nylon membranes, and subsequently probed with a 32P-end-labeled minus-sensed probe. Bands corresponding to TBSV
genomic RNA (g), subgenomic mRNA1 (sg1), subgenomic mRNA2 (sg2), and DI RNAs are shown. Quantification of DI RNA bands is shown in bar graphs
below the autoradiograms (with standard deviations).
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Structure–function properties of SL3
Through MFOLD analysis and solution structure probing
we have developed a working model for SL3 (Fig. 2B). This
structure differs from a model reported previously for SL3
in CymRSV with respect to the organization of the upper
portion of this multihelix structure (Havelda and Burgyan,
1995) (Fig. 2C). The CymRSV model predicts a 5-bp-long
upper stem with a terminal tri-loop, whereas our model
predicts a shorter 3-bp upper stem with a UUCG tetra-loop
(compare Figs. 2B and C). The shifting in base-pairing
partners also leads to different sized 3 halves of the adja-
cent internal loop (compare Figs. 2B and C).
To test directly whether our model for SL3 was func-
tionally relevant, we carried out compensatory mutational
analysis on the upper helix in our proposed structure (Fig.
2B). The two CG base pairs at the bottom of this short stem
(positions 62–61 and 70–69) were targeted in this analysis.
Disruption of either half of this interaction (mutants HN11
and HN12) severely compromised DI RNA accumulation
(4% for both), whereas restoration of base pairing via
compensatory substitutions (HN13) led to significantly re-
covered accumulation levels (75%) (Figs. 6A and B).
These results are consistent with our model for the structure
of this upper helix (Fig. 2B) as well as with the covariation
observed (Fig. 3). Additionally, the data from the compen-
satory analysis unambiguously rule out the alternate struc-
ture because, in that model, the tandem CC69 and GG61
analyzed are not predicted to base pair (Fig. 2C). The
defined upper helix of SL3 also allows for assignment of the
terminal loop as UUCG64, a superstable tetra-loop. Modi-
fication of this tetra-loop by substitution with another su-
perstable tetra-loop GGAA64 (HN15) or a less stable
AAAA64 (HN16) both led to increased DI RNA accumula-
tion (150 and 130%, respectively) (Figs. 6A and B).
Thus a significant degree of variability in predicted stability
and nucleotide composition is tolerated by this loop without
compromising its function.
The formation and functional importance of the central
helix was also clearly established through compensatory
mutational analysis of CUC72 and GAG50 (mutant series
H4, H5, and H6; 4, 3, and 80%, respectively) (Figs.
Fig. 5. Analysis of DI RNA mutants with modifications in SL2. (A) Depiction of SL2 mutants tested. (B and C) Northern blot analysis and quantification
of DI RNA accumulation levels as in legend to Fig. 4.
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6A and C). This result allows for the assignment of the
sequence AUAUCGGG60 (the silencer sequence is under-
lined) as the 3 portion of the internal loop and a single A71
as the 5 part. The sequence comprising the 3 portion of
this loop has been analyzed previously and was shown to be
important for regulating minus-strand synthesis in vitro and
DI RNA accumulation in vivo (Pogany et al., submitted for
publication); thus, it was not investigated further in this
study. However, the relevance of the single A71 comprising
the 5 part of the internal loop has not been assessed and
thus was pursued. This residue was modified by deleting it
or substituting it with each of the other three possible nt
(Fig. 6A). All modifications of A71 resulted in decreases in
DI RNA accumulation, with the C substitution (HN8) being
most detrimental (4%) followed by the deletion (HN7,
40%) and the U (HN9, 60%) and G (HN10, 93%)
substitutions (Fig. 6C). The deletion and C substitution
could potentially interfere with the ability of the 3-terminal
sequence to base pair fully with the silencer sequence. For
example, the deletion could limit access to G60 through
steric obstruction caused by the “merging” and possible
coaxial stacking of the upper and lower helices, whereas the
C substitution could base pair efficiently with G60, thereby
competing with C1 for this nt. The U and G substitutions
interfere less with DI RNA accumulation and, accordingly,
they would pair less efficiently with G60. However, these
substitution would also be capable of canonical and nonco-
nonical base pairing, respectively, with A53, which would
extend the central helix and hinder access of 3-terminal
sequence to G60. The possibilities described suggest that
A71 acts primarily as a generic spacer element that facili-
tates optimal interaction between the silencer and the 3-
terminal sequence. This residue could also play a more
direct role as a recognition element; however, this seems
less likely as its substitution with G (and to a lesser extent
U) mediated substantial levels of DI RNA accumulation
(Fig. 6C). Irrespective of its function, our results confirm an
important auxiliary role for this nucleotide in DI RNA
accumulation in vivo.
To test whether the putative lower helix in SL3 was able
to influence TBSV DI RNA accumulation, it was disrupted
(HN1 and HN2) and then restored (HN3) (Figs. 6A and C).
Fig. 6. Analysis of DI RNA mutants with modifications in SL3. (A) Depiction of SL3 mutants tested. (B and C) Northern blot analysis and quantification
of DI RNA accumulation levels as in legend to Fig. 4.
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No convincing correlation between predicted helix stability
and DI RNA accumulation was observed (Fig. 6C); thus,
base pairing of these sequences and sequence identity do not
appear to be major determinants of viability.
Conservation of 3-proximal secondary structures in a
tombusvirus satellite RNA and aureusviruses
The overall secondary structures of 3 UTRs within the
family Tombusviridae vary significantly (with the exception
of some form of 3-terminal SL) and these differences
could, in part, contribute to virus–host and/or RdRp–tem-
plate specificities observed. However, RdRps from this fam-
ily are also able to utilize what appear to be quite funda-
mentally different templates (i.e., sat-RNAs); thus in this
respect, some degree of flexibility does exist (Russo et al.,
1994; Simon, 1999).
For tombusviruses, three different sat-RNAs are associ-
ated with two members of this genus, CymRSV and TBSV
(Rubino et al., 1990; Celix et al., 1997). The CymRSV
sat-RNA is 618 nt long, while the two TBSV sat-RNAs,
B10 and B1, are 612 and 822 nt long, respectively. MFOLD
analysis of all three sat-RNAs revealed that only one, TBSV
sat-RNA B10, contains a 3-terminal sequence that can
adopt a secondary structure similar to that presented in Fig.
2B (Fig. 7A). With respect to our defined structure, sat-
RNA B10 contains comparably sized SLs 1, 2, and 3 that
are separated by intervening sequences of similar lengths
(Fig. 7A). Also present, in the same relative positions, are
the silencer and complementary 3-terminal sequences (Fig.
7A, black circles). Although the general structure of the
sat-RNA is quite similar to those of tombusvirus genomes,
some notable differences do exist (compare Figs. 2B and
7A): (1) SL1 contains covarying base pairs at the top of its
stem and possesses a UNCG superstable tetra-loop, (2) SL2
has a stem that maintains only 2 of the 4 bp present in the
DI RNA structure and contains a larger 6-nt loop, (3) SL3s
terminal loop is a tri-loop and the adjacent upper stem is 4
bp long and, (4) the lower stem in SL3 is uninterrupted and
is 11 bp long. Despite these and other differences, this
sat-RNA is amplified efficiently by its natural helper ge-
nome, TBSV, as well as other heterologous tombusvirus
helper genomes (i.e., CymRSV and CIRV) (Celix et al.,
1999). It is interesting to note that although variability is
evident, the core structural elements determined to be im-
portant for TBSV DI RNA accumulation in this study are
maintained in TBSV sat-RNA B10.
We also extended our search for similar 3-terminal
structures to other genera within Tombusviridae and found
that the two sequenced members of the genus Aureusvirus
contained key fundamental elements of the proposed model
(Rubino et al., 1995; Miller et al., 1997). Examination of the
3-termini of Pothos latent virus (PoLV) and cucumber leaf
spot virus (CLSV) by MFOLD revealed corresponding SLs
1 and 3; however, SL2 was conspicuously absent in both
(Figs. 7B and C). The SL1s of the aureusviruses are signif-
icantly larger than those of tombusviruses and contain a
conserved UU mismatch. Both SL3s contain an asymmet-
rical internal loop, including the lone A residue and oppos-
ing silencer element. The terminal loop of SL3 for PoLV is
significantly larger than any of the others described, but it is
possible that noncanonical base pairing in this region could
extend the adjacent stem, thereby reducing its size (Fig. 7B).
The most striking feature in the comparison of the au-
reusvirus and tombusvirus RNA structures was the absence
of SL2 in the former. These two genera are very closely
Fig. 7. MFOLD-predicted RNA secondary structures for the 3-terminal
regions of (A) TBSV sat-RNA B10, (B) PoLV, and (C) CLSV. The
nucleotides that could participate in a silencer–3-terminus interaction are
white in black circles.
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related based on coding organization and comparative
amino acid sequence analysis—particularly with respect to
their polymerase domains (Miller et al., 1997). Despite
these similarities, PoLV and CLSV genomes are unable to
support tombusvirus DI RNA or sat-RNA replication (Ru-
bino and Russo, 1997; D. Rochon, personal communica-
tion). This indicates an incompatibility between the aureus-
virus replication system and tombusvirus templates and
differences in RNA structure such as the presence or the
absence of SL2 could contribute to this effect.
Considered collectively, these comparative analyses sug-
gest a common general structural framework for the 3-
terminal sequence for tombusvirus genomes, a tombusvirus
satellite, and aureusvirus genomes. The MFOLD models for
the sat-RNA and aureusviruses provide additional support
for our empirical data, particularly with respect to SL3 and
its asymmetrical internal loop. Furthermore, the presence of
complementary silencer and 3-terminal sequences in all
reinforces the functional relevance of the interaction and
extends its prevalence to a sat-RNA and a related virus
genus.
Conclusions
We have defined several important RNA secondary
structures within the 3 terminus of a TBSV DI RNA that
are important or critical for its accumulation. Their conser-
vation in other related viral and sat-RNAs indicates a fun-
damental role for these structures. The 3-proximal posi-
tioning of these elements, along with previous in vitro
analysis of these sequences (Nagy and Pogany, 2000; Pana-
vas et al., 2002a; Pogany et al., submitted for publication),
suggest that they are involved in promoting and/or regulat-
ing the synthesis of minus strands. More detailed studies are
planned to address the specific role of each of the function-
ally relevant structural elements identified.
Materials and methods
Comparative RNA sequence analysis
The nucleotide sequences for TBSV (NC_001554),
TBSVs (AJ249740) TBSVp (U80935), AMCV (X62493),
CBLV (AY163842), CymRSV (X15511), CNV (M25270),
CIRV (X85215), PeLV (AY100482), PoLV (X87115), and
TBSV sat-RNA B10 (NC_003827) were obtained from the
National Center for Biotechnology Information GenBank
genetic sequence database. CLSV sequence was taken from
Miller et al. (1997). RNA alignments were carried out using
ClustalW (Thompson et al., 1994) and RNA secondary
structures were predicted at 37°C using MFOLD version 3.1
(Zuker et al., 1999; Mathews et al., 1999).
Viral constructs
Construction of a full-length TBSV genome, T100, and
DI RNA DI-72SXP have been described previously (Hearne
et al., 1990; Ray and White, 1999). DI-72SXPN is a deriv-
ative of DI-72SXP with an added NsiI site between regions
III and IV. For its construction, PCR products generated
using pDI-72SXP as a template and primer pairs PF7/PR20
and PR21/P9 (Table 1) were digested with restriction en-
zymes XbaI/NsiI and NsiI/SphI, respectively, and subse-
quently ligated into a XbaI/SphI-digested pDI-72SXP. Mu-
tant constructs derived from DI-72SXPN were also
constructed using PCR- and restriction enzyme-based pro-
cedures. In all cases, a DI-72SXPN template was used for
PCRs. All PCR products generated were digested with NsiI
and/or SphI and used to replace the corresponding wt NsiI/
SphI fragment in DI-72SXPN. All PCR-derived regions
within mutant constructs were sequenced.
Primer pairs PMF1/P9, PMF2/P9, PMF3/P9, PMF5/P9,
and PMF6/P9 were used to construct region IV 5 deletion
mutants D5-16, D5-34, D5-47, D5-57, and D5-87, respec-
tively. The 3 deletion mutant, D3-18, was constructed in a
similar manner using primer pairs PF7 and P90. D3-3C, was
constructed by the oligonucleotide pair PR21/PMF34 cre-
ating a terminal PvuII restriction enzyme site in place of the
regular SmaI site.
SL1 mutants 1A through C, 3A, 3B, and 4 were con-
structed using primer pairs PR21/PMF7, PR21/PMF8,
PR21/PMF9, PR21/PMF13, PR21/PMF14, and PR21/
PMF15, respectively. SL1 mutants 8A, 8D, and 8E were
constructed using primer pairs PR21/PMF24, PR21/PMF35,
and PR21/PMF36, respectively. S2 mutants 5A through C
were constructed using oligonucleotide pairs PR21/PMF16,
PR21/PMF17, and PR21/PMF18, respectively. SL2 mutants
9A, 9B, and 9C were constructed using oligonucleotide
pairs PR21/PMF27, PR21/PMF28, and PR21/PMF29, re-
spectively.
SL3 mutants were constructed using a three-part ligation
strategy, using a constant PCR-generated 5 fragment of
region IV (primer pair PR21/HNO) that was then digested
with NsiI at its 5 end and left blunt at its 3 end. The
PCR-generated 3 fragments of region IV (primer pairs
HN1 through HN16 and P9), which contained the modifi-
cations to SL3, were digested with SphI at their 3 ends and
left blunt at their 5 ends. The constant 5 and variable 3
fragments were then used in a three-part ligation to replace
the wt NsiI/SphI fragment in DI-72SXPN.
In vitro transcription
Viral RNA transcripts were generated in vitro with T7
RNA polymerase using PvuII-digested (for D3-3C only) or
SmaI-digested constructs as described previously (White
and Morris, 1994b). Transcript concentrations were deter-
mined spectrophotometrically and transcript integrity was
confirmed via agarose gel electrophoresis.
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RNA secondary structure probing
DI-70FE, a derivative of DI-70F (Ray and White, 1999),
contained a 3 extension. It was constructed by PCR using
pDI-70F template and primers PF7 and PR28. The PCR
product was digested with XbaI and HindIII and ligated into
a pDI-70F vector digested with the same restriction en-
zymes. For in vitro analysis of RNA secondary structure, in
vitro transcripts of DI-70FE (3 g) were added to yeast
RNA (3 g), modification buffer (25 mM Tris–HCI, pH 7.5,
200 mM NaCl, 5 mM MgCl2, and 1 mM EDTA), equili-
brated (95°C for 2 min; 60°C for 10 min; and 37°C for 10
Table 1
Oligonucleotides used in this study
Oligo Positiona RE siteb Sequencec Sensed
P9 4746–4776 SphI/ 5-GGCGGCCCGCATGCCCGGGCTGCATTTCTGCAATGTTCC Minus
P90 4734–4758 SphI/ 5-GCGGCCGCGCATGCGTTCCGGTTGTCCGGTAGTGCTTCC Minus
PF7 0001–0020 SacI GGCGGAGCTCTAATACGACTCACTATAGGAAATTCTCCAGGATTTCTC Plus
PR20 4450–4467 NsiI CCGGATGCATTAACCTGTATGCTATGCC Plus
PR21 4645–4668 NsiI CCGCGCATGCATATTCCTGTTTACGAAAGTTAGG Plus
PR28 4752–4776 HindIII CCGCGAAGCTTGTACGTAGCGTGATATGTTGATATGTTGATATGTTGTATATGT Minus
TGAATAAGTTGTATATGGGCTGCATTTCTGCAATGTTCCGG
PR29 4668–4695 — CCGAAGGGTGAGATCAACCGTGTCTGGG Minus
PR30 — — GTACGTAGGTAGAATGAGTGCG Minus
P72 4752–4776 SacI/SmaI GGCGGCCCGAGCTCCCGGGCTGCATTTCTGCAATGTTCC Minus
PMF1 4663–4687 NsiI 5-CGCCAATGCATGTTAGGTGTCACTTGTGGAAGCGGA Plus
PMF2 4681–4705 NsiI 5-CGCCAATGCATAAGCGGACCCAGACACAGGTTGATCT Plus
PMF3 4694–4717 NsiI 5-CGCCAATGCATCACGGTTGATCTCACCCTTCGGGGG Plus
PMF5 4734–4757 NsiI 5-CGCCAATGCATGGAAGCACTACCGGACAACCGGAAC Plus
PMF6 4704–4728 NsiI 5-CGCCAATGCATCTCACCCTTCGGGGGGGCTATAGAGA Plus
PMF7 4754–4776 SmaI/SphI 5-GGCGGCCCGCATGCCCGGGCTCGATTTCTGCAATGTTCC Minus
PMF8 4755–4776 SmaI/SphI 5-GGCGGCCCGCATGCCCGGGCTGCATTTCTCGAATGTTC Minus
PMF9 4755–4776 SmaI/SphI 5-GGCGGCCCGCATGCCCGGGCTCGATTTCTCGAATGTTC Minus
PMF13 4749–4776 SmaI/SphI 5-GGCGGCCCGCATGCCCGGGCTATATTTCTATAATGTTCCGGTTG Minus
PMF14 4748–4776 SmaI/SphI 5-GGCGGCCCGCATGCCCGGGCGGCCTTTCGGCCATGTTCCGGTTGT Minus
PMF15 4746–4776 SmaI/SphI 5-GGCGGCCCGCATGCCCGGGCTGGCGCATTTCTGCGCCAATGTTCCGGTT Minus
PMF16 4731–4776 SmaI/SphI 5-GGCGGCCCGCATGCCCGGGCTGCATTTCTGCAATGTTCCGGTTGTGGCCTAGTGCTTCCAGC Minus
PMF17 4739–4776 SmaI/SphI 5-GGCGGCCCGCATGCCCGGGCTGCATTTCTGCAATGTTGGCCTTGTCCGGTAGTG Minus
PMF18 4731–4776 SmaI/SphI 5-GGCGGCCCGCATGCCCGGGCTGCATTTCTGCAATGTTGGCCTTGTGGCCTAGTGCTTCCAGC Minus
PMF24 4752–4776 SmaI/SphI 5-GGCGGCCCGCATGCCCGGGCTGCATTGTTGCAATGTTCCGG Minus
PMF27 4736–4776 SmaI/SphI 5-GGCGGCCCGCATGCCCGGGCTGCATTTCTGCAATGTCCGGTTTCCCGGTAGTGCTT Minus
PMF28 4736–4776 SmaI/SphI 5-GGCGGCCCGCATGCCCGGGCTGCATTTCTGCAATGTTCCGGGCTCCCGGTAGTGCTT Minus
PMF29 4736–4776 SmaI/SphI 5-GGCGGCCCGCATGCCCGGGCTGCATTTCTGCAATGTTCCGGCGTACCGGTAGTGCTT Minus
PMF34 4762–4776 PvuII/SphI 5-GGCGGCCCGCATGCCCCAGCTGCATTTCTGC Minus
PMF35 4752–4776 SmaI/SphI 5-GGCGGCCCGCATGCCCGGGCTGCGTTTCCGCAATGTTCCGG Minus
PMF36 4752–4776 SmaI/SphI 5-GGCGGCCCGCATGCCCGGGCTGCGCGAGCGCAATGTTCCGG Minus
HN0 4691–4666 — 5-TGGGTCCGCTTCCACAAGTGACACCT Minus
HN1 4692–4725 — 5-GACAGGCTTGATCTCACCCTTCGGGGGGGCTATAG Plus
HN2 4692–4747 — 5-GACACGGTTGATCTCACCCTTCGGGGGGGCTATAGAGATCGGTCGAAGCACTACCGG Plus
HN3 4692–4747 — 5-GACAGGCTTGATCTCACCCTTCGGGGGGGCTATAGAGATCGGTCGAAGCACTACCGG Plus
HN4 4692–4725 — 5-GACACGGTTGATGAGACCCTTCGGGGGGGCTATAG Plus
HN5 4692–4747 — 5-GACACGGTTGATCTCACCCTTCGGGGGGGCTATACTCATCGCTGGAAGCACTACCGG Plus
HN6 4692–4747 — 5-GACACGGTTGATGAGACCCTTCGGGGGGGCTATACTCATCGCTGGAAGCACTACCGG Plus
HN7 4692–4725 — 5-GACACGGTTGATCTCCCCTTCGGGGGGGCTATAG Plus
HN8 4692–4725 — 5-GACACGGTTGATCTCCCCCTTCGGGGGGGCTATAG Plus
HN9 4692–4725 — 5-GACACGGTTGATCTCTCCCTTCGGGGGGGCTATAG Plus
HN10 4692–4725 — 5-GACACGGTTGATCTCGCCCTTCGGGGGGGCTATAG Plus
HN11 4692–4743 — 5-GACACGGTTGATCTCAGGCTTCGGGGGGGCTATAGAGATCGCTGGAAGCACTA Plus
HN12 4692–4743 — 5-GACACGGTTGATCTCACCCTTCGGCCGGGCTATAGAGATCGCTGGAAGCACTA Plus
HN13 4692–4743 — 5-GACACGGTTGATCTCAGGCTTCGGCCGGGCTATAGAGATCGCTGGAAGCACTA Plus
HN14 4692–4743 — 5-GACACGGTTGATCTCACCCTTCGGGGGGGCTGTAGAGATCGCTGGAAGCACTA Plus
HN15 4692–4725 — 5-GACACGGTTGATCTCACCCGGAAGGGGGGCTATAG Plus
HN16 4692–4725 — 5-GACACGGTTGATCTCACCCAAAAGGGGGGCTATAG Plus
a Coordinates refre to those of the TBSV genome (Hearne et al., 1990).
b Restriction enzyme.
c Viral sequences are underlined and correspond to the coordinates shown. Italicized sequences represent restriction site(s), the identities of which are
indicated.
d Refers to the sense of the oligonucleotide in reference to the plus-sense viral RNA.
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min), treated with various RNA structure probing chemicals
(DEPC and CMCT) or RNase T1 and analyzed by primer
extension using primers PR30 and P72 as described previ-
ously (Wu et al., 2001).
Isolation and innoculation of protoplasts
Protoplasts were prepared from 6- to 8-day-old cucum-
ber cotyledons (var. Straight 8) as described previously
(White and Morris, 1994b). Quantification was carried out
by bright-field microscopy using a hemacytometer. Purified
protoplasts were inoculated as described (White and Morris,
1994b) with viral RNA transcripts (1 g for DI RNA
transcripts and 2 g for genomic transcripts) and were
incubated in a growth chamber under fluorescent lighting at
22°C for the periods of time specified.
Analysis of viral RNA accumulation
Total nucleic acids were harvested from protoplasts as
described previously (White and Morris, 1994b). Aliquots
of the total nucleic acid (a fifth) were separated in denatur-
ing 4.5% polyacrylamide gels containing 8 M urea. The gels
were stained with ethidium bromide to ensure that the sam-
ples were not degraded and were loaded evenly. Viral RNAs
were detected by electrophoretic transfer to nylon followed
by Northern blot analysis using a 32P-end-labeled oligonu-
cleotide probe complementary to the 3 terminus of the
TBSV genome (P9) or complementary to the 5 portion of
RIV (PR29). Quantification of the bound viral RNAs was
performed by radioanalytical scanning of the blot using an
InstantImager (Packard Instrument Co.) and is provided
graphically with standard deviations.
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